Shale pore structure has an important effect upon shale-gas adsorption. In order to quantify their contribution to the total amount of adsorbed gas, we investigate the pore volume distribution on shale, coal, isolated kerogen, and clay samples using low pressure nitrogen and carbon dioxide adsorption method. And a series of methane adsorption isotherms on the samples was measured by a volumetric approach at 20 °C, 30 °C and 40 °C under pressures up to 10 MPa. Results indicate that a strong correlation exists between TOC and micropore volume of shale, but to verify the correlations between BET surface area and TOC, or micropore volume and Ro are still difficult. Certain isotherms on shales differ from Type I IUPAC (International Union of Pure and Applied Chemistry) isotherm. The unusual shape may be attributed to shale pore structure or composition. Finally, the modified D-A-Langmuir model including pore distribution parameters can provide a precise representation of the methane adsorption data on shales. The findings of this study are applicable to the accurate resource assessments and recovery technologies for shale-gas.
INTRODUCTION
Shale-gas have received commercial and research focus due to the advances in drilling and fracturing techniques. Knowledge of the shale-gas adsorption mechanisms and their controlling factors is useful for techniques as well as resource evaluation and production forecast. The natural gas in shale is largely stored by adsorbing onto the particles surfaces and pore inside walls (Curtis, 2002) . Therefore, the pore structure characterization of shale is important and require clearly understanding to elucidate the adsorption mechanisms.
Shale are complex rock, characterized by heterogeneity in composition and pore structures. The compositions include organic matter, inorganic clay minerals, quartz et al., the first two are related to gas adsorption. Their abundances are characterized by total organic carbon (TOC), thermal maturity (expressed as vitrinite reflectance, Ro) and clay content. The TOC refer to the amount of organic matter in a geological formation. The thermal maturity of a rock is a measure of its state in terms of hydrocarbon generation, which is a factor influencing the development of nanopores in organic matter (Cao et. al., 2015) . The pore structures across macro-to meso-and microscales pore size distribution (Heller and Zoback, 2014, Yanyan Chen, 2015) , they may be modified in *Author to whom all correspondence should be addressed. E-mail: ruiwang_01@outlook.com (Rui Wang). response to changing composition and depth (Mastalerz et. al., 2012) . Some experimental investigations focused on obtaining pore size distribution of shales by ultrahigh pressure mercury porosimetry, low nitrogen adsorption at -196 °C, carbon dioxide adsorption at 0 °C or small-angle neutron scattering method (Mastalerz et. al., 2012 , Labani et. al., 2013 , Ross and Bustin, 2009 , Utpalendu Kuila, 2013 , Clarkson et. al., 2013 . Mastalerz et al. (2012) regarded that, in contrast to the similar micropore size distribution between the coal (kerogen Type III) and shale (kerogen Type II), their mesopore size range is different (Mastalerz et. al., 2012) . Ross and Bustin (2009) noted that clay-rich shales have a significant percentage of mesoporosity (Ross and Bustin, 2009 ). The previous studies have shown that, the adsorption capacity of shale, which is usually measured by methane adsorption isotherm using the volumetric or gravimetric methods (Heller and Zoback, 2014 , Zhang et. al., 2012 , Gasparik et. al., 2014 , Chareonsuppanimit et. al., 2012a , is largely determined by pore structure or composition of shales (Labani et. al., 2013 , Ross and Bustin, 2009 . Preferred reliable predictions of gas adsorption capacities of shales should be jointly on the organic matter content, mineralogy, thermal maturity, and pore distribution et al. instead of based on single attributes (Cao et. al., 2015) .
Uncertainties or confusion still exists regarding this subject. The first one involves the characteristic of pore volume distribution for shale, and the effect of shale composition on it is not clear. Mastalerz et al. (2012) , who studied pore size spectrum of gas shale reservoirs, have shown that direct positive correlations exist between total organic matter content and mesopore and micropore volume as well as surface area (Mastalerz et. al., 2012) . Labani et al. (2013) reported that the summation of the micropore and mesopore volumes in shales increase with the increasing of TOC (Labani et. al., 2013) . Yanyan Chen (2015) also suggested that the micropore volumes of shales are controlled dominantly by TOC, and the pore volumes and surface areas are effected by clay content (Yanyan Chen, 2015) . Ross and Bustin et al. (2009) , however, observed no relationship exists between TOC and surface areas or micropore volumes for shales (Ross and Bustin, 2009 ). Similar results have been found by Cao et al. (2015) , the specific surface areas of Dalong formation shales do not correlate with their TOC (Cao et. al., 2015) . The second question relates to the shape of adsorption isotherm and adsorption models for shale-gas. Many studies have shown that the methane isotherm in shale is a Type I IUPAC isotherm, and the data can be well fitted by the Langmuir equation (Zhang et. al., 2012 , Heller and Zoback, 2014 . Nevertheless, Gasparik et al. (2014) observed an isotherm with a step change (Gasparik et. al., 2014) . Ross et al. (2009) demonstrated that Type I isotherms are not indicative of some types of the Jurassic shale (Ross and Bustin, 2009 ). Lu et al. (1995) regarded that the assumption of homogeneous adsorption in the Langmuir model may not be suitable to describe the adsorption of shale with high clay content (Lu et. al., 1995) . The third aspect addresses the correlation between the pore volume distribution and methane adsorption capacity for shale. The positive correlation between maximum methane adsorption and micropore volume or the specific area of the micropores has been reported by some studies , Yingjie et. al., 2015 . There is few studies about adsorption model constraining the pore structure parameters in the literature, only Rexer et al. (2014) presented a modified Langmuir model including the sorption volume .
In current study, we investigate the pore volume distribution on shale, coal, isolated kerogen, and clay samples using low pressure nitrogen and carbon dioxide adsorption method. Then a series of methane adsorption isotherms on the samples were conducted at 20 °C, 30 °C and 40 °C under pressures up to 10 MPa in dry conditions, utilizing the volumetric approach.
The objective of this work is to determine the correlation between pore structure and methane adsorption capacity on shale, and develop an adsorption model considering shale pore distribution. This results are important for understanding the factors controlling shale-gas adsorption and are applicable to accurate resource assessments and recovery technologies.
SAMPLES AND EXPERIMENTAL METHODS

Samples and Sample Preparation
Five black shale samples were chosen for this study, shales #1, 2, 4 are rock cores from the Shaanxi Yanchang Petroleum (Group) Corp. Ltd., shales #3, 5 are outcrops from the Hangzhou Weimin Rock Specimen Plant. Table 1 lists their basic geochemical data. The TOC contents range from 0.74∼2.72 wt%, corresponding to 0.99~3.65 wt% for low organic contents, based on the equation: organic content = 1.34 × TOC (Tisso B P, 1984) . Besides, the samples are considered moderate maturity shales, with the values of vitrinite reflectance (Ro) range from 1.26~1.42%.
We used one coal sample, which is anthracite collected from a coal mine in Yinchuan, Ningxia in China, to analyze the difference between the adsorption on shale and coal, and to be representative of type III kerogen. Using the method described in a previous study , type II kerogen was isolated from an oil shale acquired from Jimisar, Xinjiang,. The organic content is 94.00 wt% for coal, and 84.00 wt% for the kerogen sample, as approximated by their ignition loss (Luczak et. al., 1997) .
To investigate the effect of inorganic mineral upon gas adsorption, pure kaolin, bentonite, quartz and illite, which are representative of the clay minerals and quartz in shale matrix, were purchased from the Sinopharm Chemical Reagent Co., Ltd in Shanghai and the Heibei Lingshou Shunyuan Mineral Plant, respectively.
The shale and coal samples were crushed with a mortar to 0.38~0.18 mm (40~80 mesh) size particle for adsorption measurement. The kerogen and quartz samples were ground to pass through a size of <0.096 mm (<160 mesh) sieve, because the purchased clay particle samples have that size. All samples were dried in an electro-thermal drying oven for 12 h at 100 °C for moisture removal. After that they were placed into culture dishes and stored in a vacuum dryer for preservation.
We used methane gas during the isotherm measurement because it is the major component of shale gas. Carbon dioxide, methane and helium gases were all with a purity of 99.9%. 
Experimental Methods
Pore Characterization by Nitrogen and Carbon Dioxide Sorption
Nitrogen sorption isotherms at 196 °C were measured on a Micromeritics ® ASAP (Accelerated Surface Area and Porosimetry) 2020 system at the State Key Laboratory of Multiphase Flow in Power Engineering at the Xi'an Jiaotong University in China. The system and experimental method have been reported in previous studies (Ross and Bustin, 2009, Figueroa-Gerstenmaier et. al., 2014) . The mesopore size distributions of the samples were obtained using data from the desorption branches of the isotherm by the Barrett-Joyner-Halenda (BJH) method (Barrett et. al., 1951) . The surface areas of samples were determined from the isotherm data utilizing the Brunauer-Emmett-Teller (BET) method (ISO, 2007 , Brunauer et. al., 1938 . Carbon dioxide adsorption isotherms at 0 °C were measured on a volumetric sorption apparatus which is similar to that described in detail previously (Chareonsuppanimit et. al., 2012b , Mahmud Sudibandriyo et. al., 2003 . The detail of measurement has been reported in the previous study , which involves two steps, determining the void volume and gas adsorption capacities with the increasing of pressure. The void volume was calculated on the basis of the change of gas pressure and temperature in the constant vat before and after connecting it to the sample vat, the equation is given by:
( 1) where, V svf is the void volume, cm 3 ; p is the gas pressure, MPa; Z is the gas Z-factor (is calculated by the Dranchuk-Purvis-Robinson method), dimensionless; T is the temperature, K; V is the volume of the vat, cm 3 ; subscripts 1, 2, cv, and svf refer to the initial state, final state, contrast vat, and sample vat, respectively. The amounts of adsorption and adsorption capacities with the increasing of pressure at constant temperature are calculated as follows:
(2) where, n gads | i is the amount of adsorbed gas at the i-th equilibrium, mol; R is the ideal gas constant, 8.341 × 10 6 MPa m 3 mol 1 K 1 ;V gads | i is the adsorption capacity at the i-th equilibrium, i.e., volumetric equivalent of the accumulated amount adsorbed, expressed as gas at standard conditions of temperature and pressure, 10 3 m 3 /kg; V m is the molar volume of gas, 22.4 L/mol; and m s is the sample mass, kg. In this study, the adsorption were measured at pressure up to 3 MPa, because it has been utilized in the previous study, which has shown that the low pressure gravimetric isotherm (0.1 MPa) and high pressure volumetric data (3 MPa) agree in the overlap region (Rexer et. al., 2013) . The time of adsorption at a single pressure is 12 h at least. The process repeated until the equilibrium pressure achieved the final value, thus, a full isotherm has been characterized.
Once carbon dioxide measurements at 0 °C have been completed, the obtained data can be calculated to micropore volume distribution, which was determined by Medek's method (Medek, 1977 , Amarasekera et. al., 1995 , Debelak and Schrodt, 1979 in this study. The equation is as follow: where W is the filled volume of the adsorption space, 10 3 m 3 /kg; W 0 is the limiting filled volume of the adsorption space, which is usually identified the volume of micro-pores V micro , 10 3 m 3 /kg; m is the structural heterogeneity parameter (with a value of 2~6, n = 2 and n>2 refer to there are larger numbers of micro-pores with the size of 1.8~2nm and <2nm in the adsorbent, respectively), dimensionless, dimensionless; E is the characteristic adsorption energy, J/mol.; r e is the equivalent radius of pore, m; and k is the constant, k CO2 = 3.145, kJ nm 3 mol 1 . The corresponding effective surface area of the micro-pores and mean equivalent radius of pore were given by the relations:
where, S micro is the effective surface area of the micro-pores, 10 3 m 2 /kg; Γ is the gamma function;
and r e 'is the mean equivalent radius of pore. The parameters W 0 , E and m in equation (3) and (4) were determined from the fitting results of carbon dioxide isotherm adsorption at 273 K using the Dubinin-Astakhov (D-A) equation (Amarasekera et. al., 1995) :
where V 0 is the D-A maximum adsorption capacity, 10 −3 m 3 /kg; and p 0 is the saturation pressure, MPa. The saturated vapor pressure of carbon dioxide at 0 °C was taken as 3.48 MPa (Amarasekera et. al., 1995 . M CO2 is the mole mass of carbon dioxide, kg/mol; and ρ CO2-ads is the density of adsorbed carbon dioxide at 0 °C, which was taken to be 1.072 × 10 −3 kg/m 3 (Amarasekera et. al., 1995) .
Methane Adsorption
The methane adsorption isotherms of samples were also collected on the same volumetric sorption apparatus. The obtained adsorption data can be fit to several adsorption models. In this study, we involved the Langmuir and D-A adsorption equations, and the fitting parameters were optimized using a least squares method coupled with a nonlinear curve fit in OriginPro 9.0.0. The Langmuir equation, which is a classical model for monolayer gas adsorption on homogeneous micro-porous solids and frequently applied in fitting adsorption data for gas/coal and gas/shale system (Seiichi, 2006 , Lu et. al., 1995 is shown as follow:
where, V L is the Langmuir maximum adsorption capacity, 10 −3 m 3 /kg, and p L is the Langmuir pressure, i.e., the pressure at which the amount of adsorbed gas equals one-half of the Langmuir maximum adsorption capacity, MPa. The D-A equation (Eq. 7) can be also used to fit the shale/gas adsorption because it has been reported that, methane may be adsorbed into the micro-pores though pore filling at a low pressure level (Mao Sheng, 2014) . In Eq. 7, the saturated vapor pressure of methane was determined by the Dubinin's method, p 0 = p c (T/T c ) 2 , p c and T c is critical pressure and temperature, respectively.
Nitrogen and Carbon Dioxide Sorption and Pore Volume Distribution
Nitrogen and Carbon Dioxide Sorption
The nitrogen sorption isotherms on the shale, coal and kerogen samples with the particle size of 40~80 mesh and clay samples with the particle size of <160 mesh at −196 °C are shown in Fig. 1 .
As can be seen from Fig. 1 (a) 
, the nitrogen sorption isotherms for shale, coal, kerogen, and clay samples are all Type IV and the adsorption branches are Type II, according to the International Union of Pure and Applied Chemistry (IUPAC) classification scheme. This suggests there are many mesopores in the samples. A hysteresis loop is apparently observed from the isotherm on shale #1, #4 and #5, kerogen, coal #1 and bentonite sample, respectively. The shape of hysteresis loops on shale #1, #4, #5 and bentonite samples are similar, and they are Type H3, which are exhibited by materials with slit-shaped pores (ISO, 2007) .
Carbon dioxide adsorption isotherms on the samples were measured at 0 °C under an equilibrium pressure of up to 3.0 MPa (Fig. 2) . The fitting results using the D-A models are shown in Fig. 2 As can be seen from Fig. 2(a) , the carbon dioxide adsorption isotherms on the five shale samples at 0 °C are Type I in the IUPAC classification scheme. The data can be well fitted by the D-A adsorption model, as the obtained fitting determination coefficients are larger than 0.80 ( Table 2) . The D-A maximum carbon dioxide adsorption capacities on the shale samples range from 3.142 × 10 −3 m 3 /kg to 9.609 × 10 −3 m 3 /kg. The shale #5 displays the highest adsorption capacity, and the shale #1 has the least (Table 2) . It should be noted, shale 4# with the highest organic and clay contents (Table 1 ) exhibits a moderate adsorption capacity, but exhibits the largest characteristic adsorption energy, 6433.061 J/mol. In constant, for all coal, kerogen and clay samples except the Illite, the carbon dioxide adsorption isotherms are also Type I and consistent with the D-A adsorption model, but the values of fitting parameters are greater than those of the shales (Fig. 2( Table 2 ). The D-A maximum adsorption capacity of coal sample is largest, 55.318 × 10 −3 m 3 /kg, and is 13.212 × 10 −3 m 3 /kg for kerogen. In the adsorption on three clay samples, the bentonite displays the largest adsorption capacity, 18.320 × 10 −3 m 3 /kg. Difference in the carbon dioxide isothermal adsorption on those samples suggest variation of their pore character, micropore volume and micropore volume distribution.
Mesopore and Micropore Volume Distribution
The nitrogen sorption at −196 °C and carbon dioxide adsorption at 0 °C were used to investigate the pore volume distribution for the nine samples. The pore volume cumulative distribution and distribution curves and corresponding parameters were obtained by the BJH and the Medek's method, as show in Fig. 3, Fig. 4 , and Table 3 , respectively.
From the nitrogen and carbon dioxide pore volume cumulative distribution and distribution curves for all samples (Fig. 3; Fig. 4 ), the pore radius range from 0.85 nm to 100 nm and is restricted to >0.3 nm, respectively. Although the ranges are not exactly consistent with the size of the mesopore (pore diameter: 2~50 nm) and the micropore (pore diameter: <2 nm) in the IUPAC classification, the two sets of curves can approximately illustrate the mesopore and micropore volume distribution respectively.
Nitrogen pore volume cumulative distributions of the five shale samples ( Fig. 3 (a) ) reveal that, the pore volume decrease in the order: shale #1 >shale #5 >shale #4 >shale #3 in the entire pore radius range. Unlike this, the shale #4 has the highest amount of pore volume in the pore radius range below 1.1~1.3 nm, but the shale #3 and #5 exhibit greater pore volume in the 1.2~2.0 nm range ( Fig. 3 (b) ). The plots also show that, the mesopore volumes of five shale samples range from 3.0~20.0 10 −6 m −3 /kg, which are slightly lower than the micropore volumes and represent 16.0~42.0% of total pore volumes, except the shale #1 ( Fig. 3 (a) ; Fig. 3 (b) ; Table 3 ). Nevertheless, the coal and kerogen samples exhibit lower mesopore volumes than most of the shale samples ( Fig. 3 (c) ). In consequence, their micropore volumes are greater, and represent 80% of the total pore volumes at least. For example, the micropore volume is even five time for the kerogen (101.362 × 10 −6 m −3 /kg) than the shale samples ( Fig.  3 (d) ; Table 3 ). The kaolin, bentonite and illite samples, however, have greater mesopore volumes, 20.0~90.0 × 10 −6 m −3 /kg, than micropore volumes ( Fig. 3 (e ) and (f); Table 3) , and nearly represent 70% of the total pore volumes. Alternatively, the bentonite sample exhibits not only largest mesopore volume but also largest micropore volume in the three clay samples. 
Continued
Nitrogen pore volume distribution of shale #1 and #5 are unimodal with a peak near 2.0 nm ( Fig. 4 (a) and (c)), but shale #3 and #4 appear to be bimodal with peaks around 1.0 and 2.0 nm ( Fig. 4 (b) and (c) ). The carbon dioxide pore volume distributions of shale samples are unimodal ( Fig. 4 (d) ). The dW/dr e plots suggest unimodality for shale #2, #3 and #5 with a peak around 1.1~1.3 nm, and shale #1 and #4 have large peaks at around 0.8 nm ( Fig. 4 (d) ). Similarly, the nitrogen pore volume distribution curves of coal #1 and kerogen sample are bimodal, with peaks near 1.0 and 2.0 nm ( Fig. 4 (e) ), and peaks at near 0.8~1.0 nm respectively are observed in the unimodal carbon dioxide curves ( Fig. 4 (f) ). Thus, the carbon dioxide dW/dr e plots exhibit peak which corresponds closely to the first peak of the nitrogen distributions. For clay samples, the nitrogen and carbon dioxide pore volume distribution curves are all unimodal, and the dW/ Note: V% =V/(V meso + V micro ), S% = S/(S meso + S micro ).
plots exhibit peak at around 2.0 and 1.0 nm, respectively ( Fig. 4 (g) and (h)). Alternatively, the mean equivalent micropore radiuses of all samples are nearly 1.0 nm, and those of mesopore are in the range of 3.0~10.0 nm (Table 3) . The BET surface areas of the shale samples range 1.0~8.0 ×10 3 m 2 /kg, which are less than the effective surface area of the micropores, and only take 5.0~40.0% of the total pore volume (Table 3) . This percent for shale samples is larger than those of coal and kerogen sample, 0.4~2.3%, but less than those for the three clay samples, 20.0~40.0% (Table 3 ). The results also indicate that there is more amount of mesopore in clay, but micropore in organic matter. Methane adsorption isotherms for the shale and coal samples with particle sizes of 40~80 mesh were each measured at 20 °C, 30 °C and 40 °C under a methane equilibrium pressure of up to 10 MPa (Fig. 5 ). The obtained isotherms were also fitted using the Langmuir and D-A models. Fig.  5 and Table 4 provide the fitting cures and data.
Methane Adsorption
Comparing the isotherms on these two types of organic-rich rocks, the methane adsorption capacity at the highest pressure for coal #1 is clearly higher, 20~25 × 10 −3 m 3 /kg ( Fig. 5 (f) ), than for all of the shale samples, 1.0~8.0 × 10 −3 m 3 /kg ( Fig. 5 (a) ~(e)). In whole shales, shale #4 has the largest adsorption capacity (Fig. 5 (d) ), which may be attributed to its larger organic and clay contents. Moreover, for coal #1 and shale #1, #3 and #5, higher temperatures lead to lower adsorption capacities ( Fig. 5 (a) , (c), (e), (f)). The capacities on shales #2 and #4 are higher at 40 °C than at 20 °C under pressures below 7 MPa ( Fig. 5 (b) and Fig. 5 (d) ), that is unusual and physically not explainable.
Type I isotherms are all observed in the methane adsorption on coal#1 at different temperatures. In contrast, some isotherms of the five shale samples at 30 °C or 40 °C approximate to Types II & IV ( Fig. 5 (a)~(e) ). The isotherms likely develop as a result of connecting two isotherms, or exhibit curvatures at an equilibrium pressure of 3~7 MPa.
The isotherms of coal #1 at 20 °C, 30 °C and 40 °C were all exactly in accordance with the Langmuir and D-A equations ( Fig. 5 (f) and Table 4 ). In contrast, although the Langmuir equation provides a reasonably good fit for data of some shale samples at a single temperature (shale #1 at 30 °C, shales #2~4 at 40 °C), a better fit to the adsorption data for all of the shale samples was obtained by using the D-A equation, that can be seen from the fitting cures ( Fig. 5 (a)~(e)) and determination coefficients of shales are as small as 0.60 for the Langmuir equation but are generally larger than 0.90 for the D-A equation (Table 4 ).
The D-A maximum methane adsorption capacities of shales decrease in the following sequence: shale #4 > shale #3 > shale #1 > shale #2 > shale #5 (Table 4 ). For example, the capacity for shale #4 (TOC = 2.72%; Ro = 1.26%) is 15.170×10 -3 m 3 /kg at 30 °C, while a much lower value (V 0 = 0.706 × 10 −3 m 3 /kg) was found for shale #5 (TOC = 0.95%; Ro = 1.42%). This may indicate that the micro-pore volumes are larger for high TOC shale samples. Moreover, the D-A maximum methane adsorption capacities for the shale samples slightly decrease with an increase in temperature.
Methane Adsorption on Kerogen, Clay Samples with the Particle Size of <160 Mesh at 20 °C.
Methane adsorption isotherms on the kerogen, clay and quartz samples with the particle size of <160 mesh were measured at 20 °C under an equilibrium pressure of up to 10 MPa (Fig. 6) . The fitting results using the Langmuir and D-A models are shown in Fig. 6 and Table 5 .
As can be seen from Fig. 6 (a) , the methane adsorption capacities are above 15×10 −3 m 3 /kg for the kerogen samples at the highest pressure, and the capacity of the kerogen (type II) is greater than that of the coal #1 (type III kerogen). In contrast, the adsorption capacities for the clay samples are less than 5 × 10 −3 m 3 /kg, which decrease in the sequence: bentonite > kaolin > Illite, and the quartz exhibit the lowest capacity, <1 ×10 −3 m 3 /kg ( Fig. 6 (b) ). Moreover, the observed isotherms for the kerogen, bentonite and illite samples are Type I, only for the kaolin and quartz samples slightly resemble Types II&IV (Fig. 6) . Thus, the various levels of gas adsorption and isotherm sharp indicate that kerogen and clay are major composition factors responsible for gas adsorption onto the shale, and they may contribute to adsorption differently. The measured methane adsorption isotherm on the kerogen samples were successfully fit to the Langmuir and D-A functions (Fig. 6 (a) , Table 5 ). The D-A maximum methane adsorption capacity for the type III kerogen (coal #1) and type II kerogen sample is 18.43 10 -3 m 3 /kg and 41.76 10 -3 m 3 /kg, respectively, which is less than corresponding Langmuir maximum adsorption capacity for each ( Table 5 ). The D-A model provides a more precise fit than the Langmuir model for the three clay samples, noting the standard errors ( ) of Langmuir maximum adsorption capacities and Langmuir pressures for kaolin and illite samples, which are larger than or approximate its fitting values (Table 5 ). In addition, the two equations all clearly failed as a representation of the quartz sample data, the fitting determination coefficients (R 2 ) are low (Table 5 ). For the isotherms examined, the D-A maximum methane adsorption capacity is approximately five times higher for the kerogen than for the clay minerals, in which the illite exhibits the lowest and kaolin exhibits the highest value. 
DISCUSSION 4.1. Characteristics of Pore Volume Distribution on Shale and Effect of TOC on it
Based on our measurements, the micropore volumes of the samples decrease in following order: coal >kerogen >shale >clay. Although the pore size distributions (mesopore and micropore) of shales, kerogen and clay do not differ much, which all exhibit peaks around 1.0 and 2.0 nm, but the pore abundances are different. Besides, the BET surface area of clay samples is larger than that of the shales. For comparison purpose, the data of already published on the pore volume distribution on shales, coals, kerogens and clay minerals are listed in Table 6 , the units have been converted.
The observed pore volume, mean equivalent pore radius and surface area of shale samples examined in this study range from 3~20 × 10 -6 m -3 /kg, 3~5 nm, 1~8 × 10 3 m 2 /kg in mesopore range and 5~18 × 10 −6 m −3 /kg, 0.5~1.2 nm, 12~30 × 10 3 m 2 /kg for micropores, respectively. As can be seen from the table, the values are similar in magnitude and difference between mesopore and micropore to the previous studies (Table 3 ; Table 6 ). For kerogen and clay samples, only the nitrogen BET surface areas of the kerogens from Rexer et al. (2014) ' study are larger than our corresponding data , to determine the reason requires more information about the sample.
In order to quantize the effect of TOC, Ro, and clay content on pore volume distribution parameters (V meso , V micro , N 2 S BET ), the correlations between two of them were investigated respectively. For comparison purposes, the corresponding data in previous studies listed in Table  6 were used also. Part of the linear fitting results can be seen in Fig. 7 . Table 7 lists all of the slopes and the determination coefficients.
As can be seen from the figure and the table, the correlations is complicated. First, a strong correlation exists between TOC and micropore volume for all measured shale and kerogen samples ( Fig. 7(a) ), which confirms that TOC is the main control upon micropore volume of shale. This has found in many studies. Second, There is not conclusive relationship between TOC and BET surface area from our data ( Fig. 7(b) ), a similar correlation has been observed in Ross and Bustin's (2009) and Cao et al.'s (2015) studies (Ross and Bustin, 2009, Cao et. al., 2015) . However, the two parameters have a positive correlation using the data collected from the literatures (Fig. 7(b) ), and this is consistent with other previous work (Mastalerz et. al., 2012) . Similar difference or confusion is observed in the fitting between Ro and micropore volume, the increasing trend of micropore volume with increasing Ro is not observed in the result based on other's data as well as using our measurement. Thus, although some researchers preferred that, BET surface area has a direct relationship between TOC, and a line increase in micropore volume with Ro, to verify these correlations are still difficult. More shales with different TOC and Ro are required in the experiment. Third, the BET surface areas of the samples show a weak positive trend with clay content (Fig. 7(d) ). This finding supports that, clay and feldspar contents exert additional effects on microporosity, mesoporosity and surface areas (Yanyan Chen, 2015) , increasing clay content can increase the summation of the micro-and mesopores (Labani et. al., 2013) . In addition, other correlations between, for instance, TOC, Ro and clay content with mesopore volume, Ro and mesopore volume or BET surface area, are all very weak (Table 7) , which can be neglected.
Characteristics of Methane Adsorption on Shale and PSD Effect on the Adsorption
The part of data for the methane isothermal adsorption on shales, kerogens, and clays in literature are listed in Table 8 . (Ross and Bustin, 2009) Although the findings of the current study regarding the range of methane adsorption capacities on shales are, in part, consistent with previous studies (Yingjie et. al., 2015 , Zhang et. al., 2012 , Ross and Marc Bustin, 2009 , Lu et. al., 1995 , Rexer et. al., 2013 , but the shape of some isotherms are different. In this study, it was found that there are isotherms differ from Type I and the Langmuir equation failed to fit part of the data, but the D-A equation described the adsorption relatively well. To data, there have been few studies on similar cases. Ross et al. observed a linear correlation between pressure and adsorption capacity, the study also demonstrated that methane may be solubilized within the matrix bituminite in shale, and that the Type I isotherms are not indicative of some types of shale (Ross and Bustin, 2009 ). We used the D-A equation to fit Ross', Yingjie's and Rexer's data, and satisfactory agreements were provided (Table 8) . Thus, this result supports the selection of the D-A model may be as the relatively appropriate representation for shale-gas. But, this subject still needs further investigation.
The measured maximum methane adsorption capacities of the kerogen samples examined in this study range from 20~60 × 10 −3 m 3 /kg. The isotherms are similar in magnitude, shape and fitting model to the previous studies , Zhang et. al., 2012 . For the clay samples, our maximum methane adsorption capacities are in the range of 3~10 ×10 −3 m 3 /kg, and the bentonite and kaolin samples show higher capacities. The range is consistent with findings by other authors (Lu et. al., 1995 , Heller and Zoback, 2014 , Ross and Marc Bustin, 2009 , only the Illite capacity differs since there may be a purity difference between pure clay and clay minerals. In the literature, the measured adsorptions on kerogen and clay were all fitted by the Langmuir equation. We used the D-A equation to fit the data from Rexer et al.'s and Ross and Marc Bustin' s study, well agreements were provided (Table 8) . Thus, considering this and our failed fitting on the kaolin, it is probably a consequence of that the D-A equation also provides an adequate representation for adsorption on both clay minerals and kerogens.
As mention above, the methane isotherms of the some shale samples in this study differ to that of kerogen or clay, and exhibit an unusual shape. This may be largely caused by the shale composition or pore structure, which are more complicated than that of pure organic or inorganic matter. For instance, superimposing the isotherms for the organic matter and minerals with different pore sizes (micro-pore, meso-pore and macro-pore), or each shale compositions do not adsorb gas simultaneously may all lead to an abnormal isotherm.
To elucidate the importance of pore structure upon the methane adsorption of the sample, D-A maximum methane adsorption capacities on the shale samples are plotted against micropore volumes and BET surface areas in Fig. 8 . The fitting results for the adsorption capacities on all samples with pore volume distribution (V meso , V micro , N 2 S BET ) and shale composition parameters (TOC, Ro, clay content) are shown in Table 9 . (Ross and Marc Bustin, 2009) Note: a adsorption capacity normalized to TOC, 10 -3 m 3 /kg TOC. b We fitted using the Langmuir or the D-A model. Only illite, kaolinite and bentonite from the study (Ross and Marc Bustin, 2009 ) are wet samples, each moisture is 5.9 wt%, 2.9 wt% and 19.0 wt%, respectively.
The fitting results yield D-A maximum methane adsorption capacities which positively correlate with micropore volume and BET surface area of shales ( Fig. 8 ; Table 9 ). Other's study similarly shows that, the linear correlation between maximum methane sorption and carbon dioxide sorption pore volume is very strong for both shales and kerogens. , and pore specific area can be used as an indicator to determine the adsorption capacity of shale (Yingjie et. al., 2015) . All of this suggests the micropore and mesopore dominantly contribute to gas adsorption on shale. Methane may adsorb in the micropores of kerogen with pore filling, adsorb onto the inside walls of mesopores and macrospores distributed in clay and kerogen with monolayer.
Besides, note the sample shows an increase in adsorption capacity with increasing TOC (Table 9 ). It has been also observed that an approximately linear correlation exists between them in previous studies (Lu et. al., 1995, Ross and Marc Bustin, 2009 ). However, we preferred that, the adsorption is affected by the pore structure more directly than shale composition, because there are micropores and mesopores not in only organic matter but also clay, the main difference noted is just the abundance of these pores. Thus, we chose two pore volume distribution parameters, micropore volume and BET surface area, instead of shale composition parameters to involve in new adsorption model in the next section. 
Adsorption Model Considering Pore Volume Distribution
To quantify the effect of shale pore structure and extend the Langmuir model for the cases of shalegas adsorption, we modified the D-A-Langmuir by introducing a parameter function related to pore volume distribution, then investigated the suitability of the new model. The D-A-Langmuir model was proposed by Sheng et al. (2014) , which is an alternative adsorption model combining the DA and Langmuir equations (Mao Sheng, 2014) , based on the assumption of methane firstly adsorbs in the micropores of kerogen with pore filling at low pressure, then begins to adsorb onto the inside walls of mesopores and macrospores distributed in clay and kerogen with monolayer.
Considering the difference between the amounts of the two types of adsorption mentioned in the DA-Langmuir equation, we assumed that a positive correlation between the ratio of micropore filling adsorption to total adsorption and the ratio of micro-pore volume to the sum of the micropore volume and the monolayer volume exists, and the ratio do not change with the increasing of adsorption equilibrium pressure. Thus, the D-A-Langmuir equation can be modified: (7) where V 0L is the modified D-A-Langmuir maximum adsorption capacity, 10 -3 m 3 /kg; f mf is the ratio of the micro-pore volume to the sum of the micro-pore volume and the monolayer volume, dimensionless; and h ads is the monolayer thickness (diameter of methane molecule), 0.414 × 10 −9 m.
The new model was used to fit the measured methane adsorption isotherms on the samples at 20 °C.
As seen in Table 10 , the modified D-A-Langmuir model provides a precise representation of the data for each samples, the determination coefficients are close to those fitted using the D-A equation. The fitting maximum adsorption capacities are slightly larger than those fitted by the D-A model, and less than by the Langmuir model. Besides, note the ratio of the micro-pore volume to the sum of the micro-pore volume and the monolayer volume ranges >0.9 for shale sample, >0.98 for kerogen and 0.60~0.80 for clay samples, respectively, which are greater than the corresponding ratio of micropore volume to total pore volume ( Table 3 ). Those suggest that the contributions of the micro-pore filling in micropore to the total amount of adsorption on shale, kerogen and clay are all greater, even the clay has more mesopores. Future research on influence of shale structure on the adsorption of shale-gas will require more number of natural shale with different TOC, Ro and clay content and repeating the measurements to establish consistency. It is known that the experimental temperatures and pressures should to be representative of the in-situ reservoir conditions typical for shales, and the effect of particle size and sample moisture on the adsorption is unclear. These issues will be addressed further in our forth-coming work.
CONCLUSIONS
The current studies of pore volume distribution and methane isothermal adsorption of shale, kerogen, and mineral samples, reveal they have an important relation to each other. The following conclusions have been made: Firstly, TOC is the main control upon micropore volume of shale, a strong correlation exists between them, but to verify the correlations between BET surface area and TOC, or micropore volume and Ro are still difficult. Secondly, the shape of isotherms on shales may differ from Type I, and the D-A equation can describe them relatively better than the conventionally used Langmuir equation. The maximum methane adsorption capacities of shales positively correlate with their micropore volume and BET surface area. Finally, the modified D-A-Langmuir model including pore distribution parameter can provide a precise representation of the methane adsorption data on shales.
